Objective-To determine the incidence, clinical presentation, and outcome and confounding factors associated with the development of a brain abscess in solid organ transplant recipients.
A brain abscess is a focal suppurative process of variable size that develops within the brain parenchyma and is surrounded by an inflammatory exudate. In the immunocompetent host, brain abscesses are usually bacterial. They consist of a central area of necrotic debris and leukocytes with a fibroblastic capsule surrounded by cerebritis and perivascular infiltrates.
In the immunocompromised host, however, fungal brain abscesses predominate and usually originate as hematogenous dissemination from a primary site of invasion. Microscopically, these are manifested by an arteritis with fungal thrombosis and obliteration of the vessel lumen producing ischemic or hemorrhagic infarcts. 1 This pattern of encephalomalacia may result in solitary or multiple abscesses. Mortality among patients with brain abscesses who have not undergone transplantation can be as high as 25% in some series. 2 This study encompasses a 14-year period with a minimum 2-year follow-up of 4628 solid organ transplant recipients who have been receiving cyclosporine-based immunosuppression after transplantation at the University of Pittsburgh Medical Center, Pittsburgh, Pa. The clinical spectrum of brain abscesses in the liver, kidney, and heart, lung, and heart-lung transplant recipients is characterized.
This study (1) defines the incidence and severity of brain abscesses in this population, (2) identifies patients at risk for the development of a brain abscess, (3) describes the clinical pattern and evolution of a brain abscess, (4) examines the cause of the brain abscesses according to allograft type, (5) assesses the efficacy of available treatment options, and (6) proposes other effective treatment methods.
PATIENTS AND METHODS

PATIENT POPULATION
A 14-year retrospective review of all adult and pediatric patients who underwent liver (n=2380), kidney (n=1650), and heart, heart-lung, or lung (n=598) transplantation was done to determine the frequency and outcome of brain abscesses in a solid organ transplantation population who were receiving cyclosporine therapy. All organ recipients were classified according to United Network Organ Sharing guidelines and selected based on medical urgency.
SURGICAL TECHNIQUE
Established techniques for multiple organ procurement were used in all cases. Standard surgical techniques for orthotopic liver, heart, double lung, heart-lung, and heterotopic kidney transplantations were performed. 3 No single lung transplantations were done during this interval
IMMUNOSUPPRESSION
Liver and kidney recipients were given cyclosporine, 8 to 12 mg/kg per day, for induction therapy, then adjusted to maintain cyclosporine concentrations of 750 to 1000 ng/mL as measured by fluorescence polarization immunoassays (TDx, Abbott Diagnostic, Chicago, Ill). Methylprednisolone sodium succinate (1 g for patients weighing ≥30 kg and 500 mg for those weighing <30 kg) was also given for induction therapy, followed by a 7-day methylprednisolone taper for adults. The daily maintenance prednisone dose was 10 mg for recipients weighing less than 30 kg and 20 mg for those weighing 30 kg and more. Acute cellular rejection was treated with 1 g of methylprednisolone sodium succinate and/or a corticosteroid taper and adjustment of the cyclosporine dose. Resistant rejections were treated with monoclonal antibodies or muromonab-CD3 (Orthoclone OKT3, Ortho Pharmaceutical Corp, Raritan, NJ), 5 mg/d (adult dose) or 2.5 mg/d (pediatric dose), for 7 to 14 days.
Heart, lung, and heart-lung transplant recipients all received a preoperative loading dose of cyclosporine orally, 17.5 mg/kg, and azathioprine sodium intravenously, 4 mg/kg; intraoperatively, they received 1 g of methylprednisolone sodium succinate intravenously. Postoperatively, cyclosporine was adjusted to maintain a 12-hour trough with blood concentrations between 500 and 1000 ng/mL (TDx). The heart transplant recipients received a corticosteroid taper to a daily-maintenance prednisone dose of 15 to 20 mg. The heart-lung transplant recipients did not receive corticosteroids for the first 14 days post-operatively to allow the tracheal anastomosis to heal. During this time, they received a 3-to 5-day course of rabbit antithymocyte globulin and/or azathioprine sodium, 1 to 2 mg/kg per day. Acute cellular rejection was treated with 1 g of methylprednisolone sodium succinate and a taper for the first rejection episode and with rabbit antithymocyte globulin or muromonab-CD3 for subsequent episodes. The postoperative course of all patients was observed up to January 1, 1995.
ANTIBIOTIC PROPHYLAXIS
Selective bowel decontamination was not used in any of the transplant recipients during this period. Acyclovir and a combination of trimethoprim-sulfamethoxazole in adjusted doses were used as prophylaxis for herpesvirus and pneumocystic infections. Prophylactic Systemic antibiotics were used for 3 to 5 postoperative days. Liver transplant recipients, for the last 7 years of the study, received a low dose of amphotericin B, 0.25 to 0.30 mg/kg per day, as a prophylactic antifungal therapy when (1) operations lasted longer than 12 hours, (2) the primary nonfunction of the graft required retransplantation, and (3) multiple subsequent operations were necessary. Therapy was generally continued for at least 2 weeks or for the duration of the patient's stay in the intensive care unit after identification of the patient as high risk.
DEFINITION OF A BRAIN ABSCESS
A pyogenic brain abscess classically consists of a central area of necrotic debris and leukocytes surrounded by a dense fibroblastic capsule. Beyond this is a zone of cerebritis, neovascularity, and edema. This appears on a computed tomographic (CT) scan as a hypodense region surrounded by an enhancing ring of uniform thickness with a peripheral area of hypodensity representing edema. 3 The cause of a brain abscess in patients who have undergone transplantation is usually fungal. These abscesses have disseminated hematogenously from other sites and lead to arteritis with fungal thrombosis of the cerebral vessel lumen (Figure 1 ). Solitary or multiple brain abscesses may arise from the resulting encephalomalacia. These areas of ischemic or hemorrhagic infarction are often not well encapsulated and can appear on a CT scan as nonspecific, low-density lesions with minimal or no contrast enhancement ( Figure 2 ).
In this study, a brain abscess was determined to be present if there was histological and/ or microbiological confirmation of a brain lesion as seen by the CT scan. Specimens were obtained during a stereotactic or open biopsy or at postmortem autopsy. A brain abscess was considered suspicious if radiographic findings were seen in the clinical setting of neurologic symptoms and fever even if histological or microbiological confirmation was absent. Positive CT findings included solitary or multiple low-density lesions with minimal contrast enhancements or areas of ischemic or hemorrhagic infarction as previously described.
STATISTICAL ANALYSIS
This is a retrospective review of all solid organ transplant recipients in whom a brain abscess developed during a 14-year period. The clinical course of those in whom a brain abscess developed is described. A statistical comparison was impossible because of the large number of patients without a brain abscess. The results are given in descriptive form.
RESULTS
GENERAL
During a 14-year period, there were 28 patients with brain abscesses among 4628 transplant recipients for an overall prevalence of 0.61 %. Brain abscesses occurred in 0.63% of liver, 0.36% of kidney, and 1.17% of heart and/or lung transplant recipients. The average age (± SE) of affected patients was 36.5±2.8 years (range, 14 days to 66 years) with a male-female ratio of 1:1.
Fever (in 26 patients), seizures (in 12 patients), and deterioration of mental status with progression to coma (in 12 patients) were the most common signs. Cytological cerebrospinal fluid abnormalities were slight and nonspecific, and all 22 cerebrospinal fluid cultures were sterile. Eleven electroencephalograms were performed, showing epileptiform foci in 4 and slow waves or no cortical activity in another 4; the electroencephalographic recordings were normal for 3 patients. Contrast-enhanced CT scans of the head showed a single abscess in 8 patients and multiple abscesses in 13 patients. Characteristic CT scan findings of enhancing lesions were noted in 16 patients, and hemorrhagic infarctions were noted in 5 patients; 4 patients had a normal CT scan finding. All anatomical areas of the brain were represented in abscess formation.
Brain abscesses were confirmed by histological and/or microbiological isolation from autopsy (17 patients), brain biopsy (7 patients), or maxillary sinus biopsy (2 patients) specimens. In 2 patients, the diagnosis of a brain abscess was clinical, based on a primary site of Aspergillus sp lung infection and brain lesions on a CT scan. The diagnosis was made in 2 of the patients post mortem. All infections were caused by a fungus or Nocardia or Toxoplasma. There were no typical pyogenic brain abscesses. With the exception of 3 patients with mixed isolates, all patients had abscesses with a single isolate. Hematogenous spread from the lung occurred in 18 of 28 cases, while an adjacent sinus infection caused the abscess in 2 patients. Other sites of secondary dissemination, aside from the liver, included the heart, thyroid, spleen, kidneys, muscles, skin, pleura, and pericardium.
LIVER
Liver recipients in whom brain abscesses developed (n= 15) required augmented immunosuppression; 9 patients received at least one 7-day course of muromonab-CD3, and 11 received at least one additional corticosteroid bolus and/or taper. Associated bacteremia occurred in 11 recipients, and cytomegalovirus viremia occurred in 5 recipients. The retransplantation ratio was 1.8 livers per patient, and 11 patients had poor initial graft function. All 15 patients were ventilator dependent beyond 2 weeks; 12 had renal failure and were hemodialysis dependent. In addition, 9 liver recipients underwent at least 1 abdominal reexploration exclusive of transplantations. The reasons for the subsequent operation were intra-abdominal hemorrhage in 7 patients, biliary reconstruction in 1 patient, and peritonitis in 1 patient. Mortality was due to sepsis in all but 2 cases, in which it was directly related to hemorrhagic complications of neuro-surgical procedures (Table 1) .
Aspergillus sp were the most common organism found in the liver recipients (found in 13 of the 15 patients), and these organisms were seen a median of 24 days after transplantation. A mucormycosis infection occurred in 1 ventilator-dependent liver transplant recipient with poor initial graft function, an associated bacterial infection, and prolonged leukopenia who required additional antirejection therapy. It involved the left frontal and adjacent maxillary sinus with direct extension to brain tissue. The patient died of sepsis 37 days posttransplantation despite receiving antifungal therapy. A brain abscess caused by Toxoplasma sp developed 62 weeks post-transplantation in one patient with a functional graft and no other major risk factors (Table 2) .
HEART
Brain and chest wall abscesses caused by Nocardia sp developed in 2 heart recipients with good primary graft function and no serious rejection episodes an average of 38 weeks after transplantation. Both recovered after undergoing an aspiration biopsy and receiving antibiotic therapy (Table 1) . A brain abscess caused by Toxoplasma sp developed 12 weeks posttransplantation in a heart recipient who was otherwise healthy and had an uneventful postoperative course (Table 2) . Unfortunately, he died before specific diagnosis and treatment of the brain abscess were accomplished. A brain abscess caused by Aspergillus sp occurred in 4 heart or heart-lung recipients; these recipients had poor graft function (3 patients), bacteremia (3 patients), and cytomegalovirus or Epstein-Barr virus viremia (1 patient), were ventilator (all 4 patients) and hemodialysis (3 patients) dependent, and required additional treatments of muromonab-CD3 and rabbit antithymocyte globulin (2 patients). All 4 patients died with medical management alone.
KIDNEYS
Four of 6 kidney transplant recipients in whom a brain abscess developed had failed allografts, with a retransplant ratio of 1.3 kidneys per patient. Five had major subsequent operations, 2 for allograft nephrectomy and 1 each for intra-abdominal hemorrhage, gastrointestinal bleeding, and colonic perforation. All 6 received additional corticosteroid boluses or taper, and 1 received murornonab-CD3 for acute cellular rejection (Table 1) .
Associated bacteremia was present in 5 of the 6 patients, and cytomegalovirus viremia was noted in 2 patients. All 6 patients were ventilator dependent for prolonged periods, and 5 were hemodialysis dependent. A brain abscess caused by Aspergillus sp disseminated from primary pulmonary invasion in 4 patients and by direct extension from a mastoid sinusitis in 1 patient. No primary site of invasion was identified in 1 patient (Table 2) .
MEDICAL AND SURGICAL THERAPY
Despite the administration of low-dose prophylactic amphotericin B (0.25-0.3 mg/kg per day) fungal brain abscesses (caused by Aspergillus or Candida sp or by mucormycosis) developed in 10 of 24 patients (9 liver and 1 kidney recipient). We estimate that this figure represents approximately 20% of the total patients who received prophylactic amphotericin B. Of the 24 patients, 19 received therapeutic doses (ie, 0.75-1 mg/kg per day) of intravenous amphotericin B after diagnosis, 1 received intravenous and intrathecal amphotericin B, and 4 were treated with intravenous amphotericin B and by brain abscess drainage.
The remaining 4 recipients with nonfungal brain abscesses (caused by Nocardia and Toxoplasma sp) were treated with intravenous and oral antibiotic combinations; in the 2 patients with a brain abscess caused by Nocardia sp, excision of the chest wall lesions was performed.
SURVIVAL
Of 28 patients, 24 died, for an overall mortality of 86%. Two (8.3%) of the 24 patients with a fungal brain abscess in this study survived, while 2 (50%) of the patients with a nonfungal brain abscess survived. Both patients with an abscess caused by Toxoplasma sp died, while both patients infected with Nocardia sp survived. An analysis of the 4 survivors produced the following findings. A 14-day-old pediatric liver recipient with aspergillosis was treated with intrathecal and intravenous amphotericin B and was still alive at the 64-month followup visit. However, this patient has residual neurologic deficits and mental retardation.
A second liver recipient in whom a brain abscess caused by Candida sp developed was treated with drainage and intravenous amphotericin B and was alive without residual neurologic deficits at the 146-month follow-up visit. Two heart recipients with an abscess caused by Nocardia sp were treated with local chest wall excision and a combination of trimethoprim-sulfamethoxazole and aminoglycoside antibiotics; they also survived their infection.
COMMENT
Our pathologic definition of a brain abscess included all patients with infected localized intracerebral mass lesions. This dovetails well with the classification scheme of Conti and Rubin, 4 who categorized central nervous system infections after transplantation into 4 clinical syndromes: acute meningitis, subacutechronic meningitis, meningoencephalitis, and focal brain dysfunction due to a localized mass lesion (ie, a brain abscess).
Two clinical patterns emerged from our survey of this transplantation population that may change the therapeutic approach for these patients. First, a pyogenic bacterial brain abscess, commonly seen in immunocompetent patients, did not occur in this population. This is most likely due to the fact that posttransplantation immunosuppression primarily impairs T-cell rather than B-cell function. It has been observed in our series and other series [5] [6] [7] that Aspergillus sp is the most common causative organism, followed by Toxoplasma gondii and Nocardia asteroides.
Second and most importantly, there are 2 completely disparate groups within the transplantation population with regard to the timing, susceptibility, and predisposition for brain abscesses. This fact has important diagnostic and therapeutic implications. One group, which transcends allograft boundaries, includes those recipients who, shortly (median, 24 days in our series) after receiving induction therapy, have a postoperative course severely complicated by medical, surgical, and immunologic events. Fungi (ie, Aspergillus, Candida, and Mucorales sp) caused all of the abscesses in this setting and were resistant to any form of therapy. The second group consisted of the chronically immunosuppressed although otherwise healthy recipients; abscesses caused by non fungal organisms (ie, Nocardia and Toxoplasma sp) developed long (mean, 264 days) after transplantation. There may be some tendency to stratification by allograft type in this second group, particularly with Nocardia sp, which exclusively involved the heart transplant recipients in this series.
FUNGAL BRAIN ABSCESSES
Fungal brain abscesses in the transplantation population most often arise by hematogenous dissemination from the lung. [8] [9] [10] [11] [12] Aspergillus sp are common respiratory pathogens with a 10% incidence of dissemination to the brain, 13 most of which occur during the first 3 months after transplantation, 5, 14 An acute brain infarction or bleeding may be the earliest clue to the presence of a brain abscess caused by Aspergillus sp because of the organism's propensity to invade both large and small cerebral vessels, producing thrombosis and consequently hemorrhagic or ischemic infarcts. 1, 8, 15, 16 Associated fungal meningitis is rare and, therefore, cerebrospinal fluid smears and cultures for organisms are usually negative. 4, 8, 17 A CT scan usually reveals multiple low-density, nonenhancing lesions that are located most frequently in the cerebrum and the basal ganglia. 4, [17] [18] [19] The most reliable method of diagnosis remains biopsy with a histological examination and a culture. It is rarely treated successfully even when diagnosed after death, 8, 20, 21 possibly because of the virulence of the organism and its tendency to occlude blood vessels with consequent difficulty in the delivery of antifungal agents to infected brain tissue.
Less commonly, abscesses caused by Candida and Mucorales sp arose under similar clinical circumstances.
The systemic administration of treatment with fulldose amphotericin B seems to be inadequate because of suboptimal penetration across the blood-brain barrier. Craniotomy with excision and/or drainage [22] [23] [24] [25] [26] for diagnostic and therapeutic purposes should play an active role in the treatment of these patients. The role of newer antifungal agents, such as liposomal amphotericin B or itraconazole, is still unclear.
The mortality of 91.7% for patients with fungal brain abscesses in this series is similar to the 85% to 100% mortality reported in the English-language literature. 1, 23, [27] [28] [29] [30] [31] Even the administration of low-dose prophylactic amphotericin B in 10 patients who were deemed to be at higher risk did not completely prevent the development of fungal brain abscesses. However, the denominator of high-risk patients who received this low-dose therapy was difficult to determine, so it cannot be stated that this form of therapy was entirely ineffective. Nevertheless, it seems that established central nervous system abscess formation is almost always fatal and that the survivors have a risk for serious neurologiC sequelae.
The low frequency of fungal brain abscesses among all transplant recipients, and their complete absence in those chronically immunosuppressed although otherwise healthy outpatients, suggests that the virulence of these organisms depends on proximate circumstances being present before a cerebral fungal abscess can occur. However, once multiple complicating factors (ie, subsequent operations, a retransplantation, hemodialysis, or ventilator dependence) are present, and especially when pulmonary colonization occurs, then fungemia may be imminent. Because treatment with low-dose amphotericin B did not prevent the development of a brain abscess in these cases. we would advocate a trial of fulldose amphotericin B therapy for those patients deemed to be at high risk and who have pulmonary colonization with Aspergillus sp. In conjunction, a reduction or cessation of immunosuppression will allow reinstitution of immune mechanisms and hopefully prevent abscess formation during this short-term medical period.
NONFUNGAL BRAIN ABSCESS
Nonfungal brain abscesses in transplant recipients also have unifying features: (l) They tend to occur in healthier patients at a long interval after transplantation when the patients are essentially recovered. In this sense, they resemble the typical opportunistic pneumonias (ie, Legionella and Pneumocystis sp) and delayed cryptococcal meningitis. (2) The onset is fairly insidious but pursues a rather fulminant course once objective symptomatology is present. (3) There may be some stratification by allograft type with heart recipients being at highest risk. (4) Effective medical therapy does exist and should be empirical until diagnostic or therapeutic drainage provides a specific organism. A brain abscess caused by Nocardia sp usually takes the form of a single rather than multiple brain abscesses or meningitis. 3 Because cerebrospinal fluid and serological tests have not been found to be helpful, diagnosis is often made by presumption, particularly in patients with known nocardial lung or soft tissue infections and abnormal neurologic and/or CT scan findings. 4,32 A brain abscess caused by Toxoplasma sp frequently presents as an intracranial mass lesion and seizures, although the absence of symptoms is not uncommon. 33, 34 Unlike abscesses caused by Nocardia sp, positive results of serological tests and tissue examinations are diagnostic. Reports in the literature have described Toxoplasma sp brain dissemination from a donated heart, 35 spread from activation of latent infection in experimental animals, and transmission by transfusion of whole blood cells. 36 Sulfonamides have been established to be effective if rapidly instituted in patients with a nonfungal brain abscess because the minimum inhibitory concentration is readily achievable with good penetration across the blood-brain barrier. Computed tomography-guided stereotactic aspiration or an open crapiotomy and drainage are recognized as adjunctive to medical therapy. [37] [38] [39] Our overall mortality for patients with a nonfungal brain abscess was 50%. Both heart recipients with a brain abscess caused by Nocardia sp in our series survived the infection, which is in stark contrast with the mortality of 75% to 90% reported in the literature. 40, 41 This is probably due to early diagnosis and prompt treatment of the infected patients.
CONCLUSION
The epidemiological features of brain abscess formation after solid organ transplantation suggest 2 populations of at-risk patients who are distinct in time, clinical setting, and therapeutic approach. For the chronically immunosuppressed outpatient, an established brain abscess should be empirically treated to manage Nocardia and Toxoplasma sp infections until tissue diagnosis is available. On the other hand, the acutely immunosuppressed posttransplantation recipient with high medical acuity is at high risk for the formation of a fungal brain abscess. There is no effective therapy, but frequent surveillance for pulmonary colonization should be performed. Should Aspergillus sp be found in these patients, it should be treated with therapeutic doses of amphotericin B. In both types of abscess formation, surgical intervention to confirm an empirical diagnosis or to drain amenable lesions is valuable. Arteritis with fungal thrombosis of the cerebral vessel lumen. A computed tomographic scan of a brain abscess. Toxoplasma sp (2) Liver (1) and heart (1) Poor (0), good (2) Blood ( 
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